Abstract: Programmed cell death ligand 1 (PD-L1) is a major immune checkpoint protein that mediates antitumor immune suppression and response. Preliminary data suggest that its detection using immunohistochemistry (IHC) in formalin-fixed and paraffin-embedded tissues may predict clinical response to PD-1/PD-L1 therapy. In diagnostic pathology, it is essential to count with a validated IHC that can reliably detect PD-L1-positive cases. The present study was conducted to compare and validate different PD-L1 commercial clones and identify which ones can be reliably used by surgical pathologist to detect PD-L1 expression in human cancer tissues. Eight commercial available PD-L1 clones were tested and compared with a noncommercial PD-L1 antibody clone 5H1. Western blot and IHC using cell lines and human tissues were used to validate these clones. From all PD-L1 antibodies, only the clones E1L3N, E1J2J, SP142, 28-8, 22C3, and SP263 passed the Western blot and IHC validation, providing similar pattern than the clone 5H1 and then they were tested in 259 non-small cell lung cancer cases placed in 9 tissue microarrays. Among all cases, only those with Z2 cores were included (185 cases). Positive and significant correlation was found between the median PD-L1 H-score in tumor and stroma compartments, for all selected antibodies. Overall, 56 of 185 cases were detected as positive cases in malignant cells expressing membranous PD-L1 by all the clones. However, the clone SP263 identified more PD-L1-positive cases compared with the other clones. Our results show that clones E1L3N, E1J2J, SP142, 28-8, 22C3, and SP263 provide positive membrane staining pattern comparable with clone 5H1. These commercial clones are comparable, but a careful evaluation by the pathologist is necessary to minimize error of positive misinterpretations.
of new agents blocking the interaction between PD-L1 and his receptor, PD-1, has opened a new therapeutic strategy. 3 In routine practice, immunohistochemistry (IHC) analysis of PD-L1 expression using routinely processed histologic sections is essential to judge the eligibility of a patient for PD-1/PD-L1immunotherapies and quantitative detection of its expression could be useful for monitoring the treatment responses. Furthermore, preliminary studies showed PD-L1 expression on human cancers using IHC in formalin-fixed and paraffin-embedded (FFPE) tissue samples may predict clinical response to PD-1/PD-L1 therapy. 1, 17, [20] [21] [22] For this reason, in diagnostic pathology it is essential to count with a validated IHC 23 that can reliably detect the real PD-L1-positive cases. Unfortunately, there are many PD-L1 commercial clones as well as different type of specimens used [whole histologic sections vs. tissue microarrays (TMAs)], type of protein expression analysis (IHC vs. immunofluorescence), and quantification assessment (image analysis vs. microscopic observation), which can provide different results, particularly important in clinical use, 24 (Table 1 ).
An appropriate validation and evaluation of PD-L1 expression on tissues is important, because PD-L1 is currently regarded as a molecular target for immunotherapy on various malignant tumors. The present study was conducted to compare and validate the available commercial PD-L1 clones and identify which ones can be reliably used by the surgical pathologist to evaluate the IHC PD-L1 expression on FFPE specimens, using lung cancer as a model.
MATERIALS AND METHODS

Western Blot (WB) Validation of PD-L1 Antibodies
For WB analysis, a human tonsil lysate tissue; 6 human's lung MCs lines (H23, H157, H461, H4006, H1171, H193); a human embryonic kidney 293 (HEK293) cell line nontransfected and transfected with PD-L1 gene were used to validate the different PD-L1 commercial and noncommercial antibodies. In total, 2 mg of protein from different lysates cell lines were extracted and subjected to 4% to 12% NuPAGE Novex Bis-Tris polyacrylamide gel and transferred to a nitrocellulose membrane according to the manufacturer's protocols (Invitrogen, Carlsbad, CA). The membranes were blocked with Tris Buffered Saline with Tween (TBST) (50 mM Tris, pH 7.5; 150 mM NaCl, 0.05% Tween-20) containing 5% nonfat dry milk for 1 hour, washed, and subsequently incubated overnight at 41C in Tris Buffered Saline with Tween with 5% bovine serum albumin containing the following PD-L1 clones: EPR1161- 
Immunohistochemical Validation
FFPE histologic positive and negative controls were used for PD-L1 IHC analysis validation: HEK293 cell line as negative control, and HEK293-transfected with PD-L1 human gene as positive control (same cell lines tested in WB), HDLM-2 (positive), and PC3 (negative) (SignalSlide #13747; Cell Signaling Technology, Danvers, MA), human mature placenta, and human tonsil FFPE tissues. For IHC staining 4-mm thick sections were cut and staining was done using an automated staining system (Leica Bond Max, Leica Biosystems, Nussloch GmbH) with antibodies against PD-L1 using clones EPR1161-2 (dilution 1:100; Epitomics-Abcam); E1L3N (dilution 1:100; Cell Signaling Technology); clone E1J2J (dilution 1:100; Cell Signaling Technology), 7G11 (dilution 1:40; Boston University), SP142 (dilution 1:100; Spring Bioscience), rabbit polyclonal ab58810 (dilution 1:200; Abcam), 28-8 (dilution1:400; Abcam), and SP263 (ready to use, Ventana Medical System Inc.) using previously optimized IHC conditions and performed according to the standard automated protocols. All these antibodies were detected with the Leica Bond Polymer Refine detection kit (Leica Biosystems, cat# DS9800), including diaminobenzidine reaction to detect the antibody labeling and hematoxylin counterstaining. The selection of the correct titration of the clones were based on minimum and maximum range of dilution and staining negative to positive in the different control tissues and cell lines. For PD-L1 antibody clone 22C3 we used the DAKO autostainer Link 48 (Code AS480, DAKO) following the PD-L1 DAKO protocol. The uniformity and a correct membrane staining pattern within tissues and cell lines were considered accurate and positive. The staining pattern was also compared with the noncommercial clone 5H1 (dilution 1:40; Lieping Chen, Yale University) as a reference being a well-validated antibody in the literature.
In addition, based on the titers for the specifics antibodies obtained with the WB and IHC validations, we stained a TMA set (9 slides) of non-small cell lung cancer (NSCLC), stage I to III without neoadjuvant therapy, [NSCLC, N = 185; 122 adenocarcinomas (ADCs) and 63 squamous cell carcinomas (SCCs)] to compare PD-L1 IHC expression between different clones. Of these, all 3 TMA cores were available in 110 ADC and 53 SCC, whereas the rest of the cases had 2 cores available for analysis. The TMA sections were prepared using three 1.0 mm tissue cores obtained from the center, middle, and periphery of the tumor, as described previously. 29 The IHC staining, including positive and negative controls, were reviewed for quality control by 3 pathologists of the study (E.R.P., J.R.-C., and P.V.).
Image Acquisition and Digital Analysis
To analyze and measure the IHC PD-L1 expression from positive and negative controls and TMA cases, the stained slides were digitally scanned using the Aperio ScanScope AT2 slide scanner (Leica Biosystems) and were captured with a Â 20 objective. The images were visualized using ImageScope software (Leica Biosystems) and analyzed by 2 pathologists (E.R.P. and P.V.) using Aperio Image Toolbox analysis software (Aperio, Leica Biosystems). Only membranous cellular PD-L1 IHC expression on MCs, macrophages and lymphocytes, was considered as a positive PD-L1 expression in these different cells.
The pathologists who performed the image analysis (E.R.P. and P.V.) were blinded to PD-L1 antibodies used. Membranous PD-L1 expression on MCs (tumor compartment), and on tumor-associated inflammatory cells (TAICs, stroma compartment) were analyzed separately ( Fig. 1 ) using a same cell membrane algorithm to each clone. The staining intensity scored as 0 (no staining), 1+ (weak staining), 2+ (moderate staining), or 3+ (strong staining), and extension (percentage) of expression were determined in both areas. PD-L1 H-score from each compartment was determined by multiplying the staining intensity and the percentage of positive cells (range, 0 to 300). Histology assessment of each TMA core was performed to ensure the presence tumor. TMA cores with at least 90% of MCs were included in the selected tumor compartment, and areas without malignant cells were included in the tumor-associated stroma compartment. The average of the median PD-L1 H-score from each case and from each compartment on the 3 cores of the TMA representing the same patient was expressed as final result. In addition, the pathologists (E.R.P. and P.V.) independently reviewed all the cases under light microscopy considering a partial or complete membranous staining at any intensity and Z1% of expression as the criteria for positive cases. Cases without agreement were resolved with consensus discussion with third pathologist (J.R.-C.).
Statistical Analyses
The Spearman test was used to detect differences in continuous variables between the different antibodies. The statistical software program IBM SPSS (version 22; Armonk, NY) was used to perform the computations for all analyses.
RESULTS
Validation of PD-L1by WB
For PD-L1 validation, several commercial clones were screened using WB with cell lysates preparing from tonsil, lung MCs lines, and PD-L1 nontransfected and transfected cells line. IHC validation, specificity, and applicability on the FFPE also were checked. These analyses gave important data about protein size and its expression. As shown in Figures 2A, B 
Validation of PD-L1 by IHC
To the IHC validation, all clones were stained in FFPE tissues including, human reactive tonsil, human placenta, and cell blocks HEK293 cell line nontransfected and transfected with PD-L1 gene as positive and negative controls (Figs. 2A, B) . The commercial clones, E1L3N, E1J2J, SP142, 28-8, 22C3, and SP263 showed a membrane staining and an identical staining pattern as 5H1 clone in the placenta and transfected cell line with PD-L1 gene. Similar membrane positivity in the reticulated epithelium of the tonsil crypts was observed with those clones. The disappearance of PD-L1 staining in the negative control (HEK293 cell line nontransfected with PD-L1 gene) was interpreted as evidence that the membrane pattern observed in the positive controls was specific and recognized the A B expected target. The other clones did not exhibit a specific membrane staining, showing some ones a massive expression through the entire cell population.
PD-L1 (E1L3N)
IHC PD-L1 in TMA Cases
Once the clones were validated by WB and IHC, it became feasible to characterize those protein expressions in TMA NSCLC tissues to determine the variations of PD-L1 expression between those selected clones. PD-L1 E1L3N, E1J2J, SP142, 28-8, 22C3, and SP362 showed a clear and positive membrane expression in many MCs, macrophages, and some lymphocytes in the TMA tissues. Although the heterogeneity and levels of expression varies from weak to strong and focal to diffuse in the different cells and cores from each case (Fig. 3) Fig. 3) . Although we showed variability of IHC PD-L1 expression in the tumor and stroma compartments between the different antibodies, we observed a significant and positive correlation between clones (Fig. 4) , although we observed a "r" < 0.500 between E1L3N, SP142 (intracellular domain), and SP263 (extracellular domain) in the tumor compartment. In addition, we determined the median percent value to assess IHC PD-L1 expressing by MCs in NSCLC patients. This median PD-L1 value in the (Table 4) . Variability of positivity by the markers in the same case was also observed (Fig. 3 ) and the pathologists reviewers identified 54 positive cases to all the markers, 10 cases positives to 5 markers, 6 case positives to 4 markers, 3 cases positives to 3 markers, 9 cases positives to 2 markers, and 17 cases positives for only 1 marker. In addition, we determined the distribution of lung tumors using 2 cut-off percentages (5% and 50%), of MCs with PD-L1 expression as shown in the (Table 3) . Indeed, SP263 clone showed more positive membrane PD-L1 expression in the stroma compartment cells than the other clones, with heterogenous distribution (Fig. 5) . In general, overinterpretation of the staining intensity by the Aperio system was observed in all the cases in the tumor compartment, predominantly in cases where was difficult to exclude TAIC expressing PD-L1 between and over the tumor cells (Fig. 6) showing that the pathologist intervention and supervision during the analysis is important to categorize these cases properly or find a right cut-off point to this type of marker.
DISCUSSION
The objective of this study was to compare and validate commercial PD-L1 clones and identify which ones can be reliably used by surgical pathologist. Also, we analyzed PD-L1expression in a set of TMA NSCLC tissues to determinate if there are differences in its expression using the validated PD-L1 antibodies.
An important issue for all tissue immunoprofiling is the specificity and sensitivity of the antibody clone. 30 Currently, specificity is determined by several binding assays such as routinely used WB, immunoprecipitation, enzyme-linked immunosorbent assays, quantitative immunofluorescence, and in addition, IHC is applied to tissue controls and cell lines, in the validation process. 23 The most frequently used method is the WB analysis, which yields confirmation of the size of the target and might give additional information about posttranslational modifications or the presence of splice variants or proteolytic fragments. The IHC was also important to determine the specific PD-L1 expression in human tissue. 31 In this way, the WB analysis showed important information about the band and molecular size of the PD-L1 proteins tested especially from the commercial clones, E1L3N, E1J2J, SP142, 28-8, and SP263 that showed a molecular mass around 43 kDa in several MCs lines and HEK293-transfected cells line with the PD-L1 gene, providing the same banding pattern observed with 5H1 clone. The 5H1 monoclonal antibody has more recently been successfully applied to the staining of FFPE tumor tissues including lung cancer, renal cells carcinomas, cervical carcinoma, bladder cancer, and melanomas 1, [32] [33] [34] and it is the noncommercial clone very well validated in the literature. Although the cellular epitope target of those clones are different, E1J2J, 22C3, 28-8, and SP263 have its target in the extracellular domain and E1L3N and SP124 clones have its target in the intracellular domain; the 5 clones showed a specific membrane pattern and positive correlations between them in FFPE tissues. Indeed, the membrane domain is actually considered the active portion of the protein and the membranous staining is used as specific expression pattern by MCs in clinical evaluations. 35 Once the clones were validated by WB and IHC in controls, PD-L1 E1L3N, E1J2J, SP142, 28-8, 22C3, and SP263 were staining in a set of TMA NSCLC. Although the level of expression ranged from weak to strong and from focal to diffuse on MCs with each clone, a specific membrane positive expression was not different between the clones. We also observed heterogenous PD-L1 expression from each individual clone when the same core was analyzed using the H-score or percentage of positive cells by image analysis assessment and this heterogeneity was detected not just in MCs but also in macrophages and lymphocytes, especially in the tumor compartment, showing that determination of a positive threshold is a difficult issue to consider when we are working with a no specific antibody that may be staining different types of cells. 36 This can be maybe one of the factors that would explain the different results obtained in the literature, also considering the different methods of quantification (image analysis vs. microscopic observation), staining procedures (manually vs. automated staining vs. specific approved protocol), and different type of specimens used (whole histologic PD-L1 H-scores from each compartment were determined by multiplying the staining intensity and the percentage of positive cell for each intensity (range, 0 to 300). PD-L1 indicates programmed cell death ligand 1.
sections vs. TMAs). [37] [38] [39] [40] The clinically relevant threshold for IHC PD-L1 expression in NSCLC cells has not yet defined, and researchers have examined various cut-offs of PD-L1 positivity 36 ; including, at least 1%, 41, 42 5%, 26, 41, [43] [44] [45] 10%, 28 and 50% 27, 42, 46 of positive cells and greater than the median H-score. 47 Although the heterogeneity and levels of expression in MCs were different among the cases, 29% of cases were considered positives using PD-L1 E1L3N, E1J2J, 22C3, SP142, 28-8, and SP263 clones under light microscopy using the most frequently cut-off used to assess IHC PD-L1 expression in MCs in NSCLC patients given PD-1/PD-L1 inhibitors: Z1%. This cut-off value has been associated with durable tumor regression and prolonged disease stabilization in response to anti-PD-L1 treatment in advanced NSCLC cases. The SP263 clone detected more positive cases, 48%, following by SP142 with 42%, E1J2J with 38%, 28-8, and 22C3 with 37%, and E1L3N with 36%, being the clone which detected the less quantity of positive cases. The variability of positive or negative case detection by those clones in our study is probably related in part to the variability of affinity from each clone to detect cells expressing PD-L1, suggesting that the clones have a different power to binding the protein. Deterioration of PD-L1 antigen at bio-bank storage in tissue samples, saved for long periods of time, as has been showed with other antibodies 48 maybe can explain in part some negative PD-L1 cases, which respond to therapy. The variation of the TMA cores along the different clones markers also need to be considered as important factor of limitation and variation showing the heterogenous staining pattern of those markers. In addition, our H-score image analysis from TAICs as macrophages in the stroma compartment showed also this heterogeneity of membrane expression and staining distribution through the different cases analyzed. The variability of PD-L1 distribution in these cells, exhibit again another factor that may be implicated in the different results observed in several studies by using different clones to detect PD-L1 expression when is observed in the entire population of cells expressing PD-L1. We believe that the more accurate method to analyze and quantify those markers is by a pathologist microscopic observation, using his knowledge and experience to identify only MCs' expression following simple rules such as; to consider just membrane staining or reinforcement of membrane staining at any intensity as positive expression, to consider at least 100 MCs available in the tissue as the minimum number of cells required for analysis and finally report their quantifications as a percent of MCs positives to PD-L1. However, these results increased the necessity to standardized methodologies and validation techniques to report and to interpret the results of those markers as shown in literature 25, 49, 50 as well as the necessity of new initiatives to homogenize the assays to address these problems 51 and organized a joint effort between drug manufacturers and research people from different cancer organizations to creating a standard criterion to compare the performances of these PD-L1 assays. In summary, after tests including WB and IHC on diverse controls and a NSCLC TMA we concluded that overall the clones, E1L3N, E1J2J, 22C3, SP142, 28-8, and SP263 show a similar staining membrane pattern as 5H1 clone in controls and in NSCLC cases. In our TMA, SP263 clone detected more positive cases than the other clones showing an individual positive variability of expression through the cases. Furthermore, more tests are necessary in different cancer tissues and whole section to understand much better the differences between the different clones used to detect PD-L1 expression.
